A new method for characterizing macropore size distribution is presented for a well-aggregated Oxic Dystropept at La Selva, Costa Rica, known to exhibit macropore flow. Samples were taken as undisturbed cores from a secondary forest and an abandoned pasture. The method is based on hydraulic principles including the Poiseulle equation, and on water breakthrough curves obtained by timing and measuring water flow through the cores from a drained state (simulating field capacity) to a saturated steady-state flow condition. Application of the method to the La Selva soil (0-to 20-cm depth) yielded macropore radii between 50 and 200 Mm, with a peak between 80 and 140 ion. The macropore size distributions thus obtained were coupled to micropore size distributions calculated from moisture release curves to yield a set of complete pore size distributions. The method is simple, and the results are based on dynamic measurements, making them more applicable to flow models.
was nisms developed as part of an effort to study mechais of solute transport in a tropical forest soil.
MATERIALS AND METHODS
Studies were conducted in the La Guaria Annex of the La Selva Biological Station in northeastern Costa Rica at about 50-m elevation (Radulovich and Sollins 1985, 1987; Sollins et al., 1988; Sollins and Radulovich, 1988) . The area was cleared of primary forest in the 1960's, grazed intermittently until about 1981, and then abandoned (Radulovich and Sollins, 1987) .
The soil forms part of the Helechal consociation (F. Sancho and R. Mata, 1987, unpublished data) and is developed in alluvially deposited volcanic materials. The soil is either an Oxic Dystropept or Oxic Dystrandept, probably the former (Sollins et al., in press); exact classification awaits completion of chemical analyses. It is strongly aggregated, with bulk density near 0.7 Mg nr 3 at 0 to 10-cm depth, increasing to 0.9 Mg nr 3 at 70 to 100 cm; initial infiltration rate, with soil at field capacity, averaged 3900 mm lr', and was highly variable (Radulovich and Sollins, 1985; Sollins and Radulovich, 1988) .
Soil cores were taken from a grass site covered with Olyra latifolia L. lightly interspersed with fern (Pteridium spp.), and from a nearby site covered by 15-yr-old mixed secondary forest. All experiments were performed during the 1986 rainy season; samples were taken within a few days after rainfall events.
Undisturbed soil cores 20-cm deep were obtained by inserting steel cylinders 23-cm long, with an internal diameter of 10.75 cm and wall thickness of 0.2 cm (Sollins and Radulovich, 1988) , in soil previously devegetated by hand. The outside lower edge of the cylinders was sharpened and the walls were covered with wax to facilitate penetration into the soil. Although a total of 17 cores were taken and analyzed, results for four cores from each site are shown here. Bulk density of the soil in the cores averaged 0.81 Mg nr 3 . Dye staining patterns indicated that water moved through the soil sample and not along the cylinder walls.
Water was added to fully drained cores, maintaining a constant head of approximately 0.5-cm depth by hand. The time from first water addition to the first appearance of effluent was recorded, after which effluent volume was measured at recorded intervals of 4 or 5 s until flow reached steady state. The Reynolds number at steady state was in all cases below unity, indicating laminar flow (Hillel, 1980) . Water content at field capacity was determined for both sites (four replicates per site) from water redistribution curves measured in the field to a depth of 20 cm after the soil was first saturated, then allowed to drain freely (Sollins and Radulovich, 1988) . Water content in the field was lower than water content in the cores after saturation and free drainage, which we attribute to the lack of continuity across the soilair interface at the bottom of the cores.
CALCULATIONS
We defined macropores as those pores that have drained when the soil reaches field capacity; pores that remain waterfilled at field capacity are termed micropores. Luxmoore (1981) and Olson (1985) add an intermediate category (mesopores). We chose a less detailed classification, however, since our work concentrated on pores draining as the soil passed from saturation to field capacity. Water content at field capacity at both sites was close to water content at a 556 matric potential (^m) of -5 kPa; hence we assumed -5 kPa represented field capacity in all calculations.
Microporosity and Micropore Radii
Microporosity was calculated as volumetric water content at \{> m of -5 kPa. Micropore radii were calculated from the capillarity equation
where r is pore radius (cm), and h is pressure applied (cm). We used data from duplicate moisture release curves for each site for pressures of 0, 5, 10, 33, 50, 100, 200, 500, and 1500 kPa (Sollins and Radulovich, 1988 ). Micropore size distribution was then calculated conventionally from moisture release curves and Eq. [1].
Macroporosity and Macropore Radii
Macropore volume was calculated as the difference between volumetric water content at field capacity and at saturation. Macropore radii were calculated between two points on the water breakthrough curves ( Fig. 1 ): (i) the time when effluent first appears (earliest breakthrough), which corresponds to the time when the largest macropore(s) begins transmitting water through the core; and (ii) the time immediately before reaching steadystate flow (final breakthrough), which corresponds to the time when the smallest macropore(s) begins transmitting water. When steady state is reached, all macropores transmit water continuously through the core.
Two methods had to be used to calculate macropore radii, because the intact cores drained only to ^m = -3 kPa, and not to -5 kPa as in the field, as explained above in relation to field capacity. The capillarity relationship (Eq. [1]) was used for macropores retaining water between \l/ m of -3 and -5 kPa. For macropores retaining water between \l/ m of 0 and -3 kPa, radii were calculated from the water breakthrough curves by combining a basic flow equation Each radius thus calculated represents the average of a range of pores that began transmitting water during the period over which each effluent sample was collected (4-5 s).
Tortuosity of the fastest draining macropore (earliest breakthrough) from all curves performed was assigned arbitrarily a value of 1.1. Tortuosity of the smallest macropore (slowest draining) in all cores was estimated as follows. First, the radius of the largest micropore remaining water filled after drainage was calculated from Eq. [1] assuming \]/ m = -3 kPa. This radius (50 /urn) was assumed to be also the radius of the smallest macropore. Next, the time needed for water to travel the core length in a 50-jum pore was calculated from Eq. [2] and [3] . Last, the measured travel time was divided by the calculated travel time to give tortuosity. The tortuosity value thus calculated for the smallest macropore (=largest micropore) was 1.2.
Tortuosity values ranging from 1.1 to 1.2 were thus obtained from the entire set of breakthrough curves. A linear relation between breakthrough time and tortuosity was established using the pairs (shortest time, 1.1) and (longest time, 1.2) as the limits. Each breakthrough time had, therefore, a corresponding tortuosity value between 1.1 and 1.2, which was used in Eq.
[4] to calculate a corresponding macropore radius.
Macropore size distribution also had to be calculated in two parts. First, total volume of macropores draining as \l/ m dropped from -3 to -5 kPa was calculated from the moisture release curves for each site. Next, size distribution of macropores draining between 0 and -3 kPa was calculated from effluent volumes accumulated during each collection interval: (i) the entire range of macropore radii was divided arbitrarily into intervals of 20 to 30 ^rn; (ii) flow rate through a pore of midpoint radius for each interval (Qc) was calculated from Eq. [2]; (iii) the measured effluent volume corresponding to all pores within each radius interval was summed, then divided by & to give the number of macropores in that interval; (iy) the midpoint radius was converted to area assuming circular pores and multiplied by the number of macropores to give total area for that range of macropores; (v) the total area of macropores in each radius interval was converted to volume by multiplying by the length of the core.
RESULTS AND DISCUSSION
Micropore volume averaged 0.54 m 3 /m 3 for both the grass and forest soils. The micropore size distribution is shown in Fig. 2 . Pores of <0.1-Mm radius accounted for 70% of total microporosity, which seems reasonable given the high clay content of this soil (70%, Strickland et al., 1988) and the fact that it retains 35 to 40% moisture by volume at ^m = -1500 kPa (Sollins and Radulovich, 1988) . Total macropore volume was 0.075 m 3 /m 3 for the grass soil and 0.091 m 3 /m 3 for the forest soil. Coefficients of variation were large, however (~33% for both grass and forest based on four samples for each). Macropore radii (Fig. 3) ranged to 200 nm in the grass soil but only 120 pm in the forest soils. In general, the macropore size distributions agreed with results published for other soils (Tippkotter, 1983; Olson, 1985) .
Combining micro-and macropore size distributions (Fig. 4) shows the overall range in pore sizes from < 0.1 jim at the lower end to the highest limits of macroporosity (200 mm in the grass soil). The relatively large proportion of radii between 80 and 140 pm 325 nm, considerably larger than we found at La Selva with pur method. This lack of large macropores was especially surprising since the La Selva soil exhibits unusually high infiltration and drainage rates (Sollins and Radulovich, 1988) . Methodological differences may account for this discrepancy. Resin cast and image-analysis methods, and perhaps other methods, such as mercury intrusion, in which samples are dried and then liquid forced into them under pressure, may overestimate the effective macropore radii for three reasons: (i) rate of water flow through a pore depends on its minimum ("neck") radius rather than its average radius; (ii) image-analysis techniques may overlook macropores that are partially filled with decayed roots or other semiporpus material; and (iii) pores may be enlarged when liquid is forced into them. In fact, dye staining patterns for the La Selva soil showed that many pores were filled with spongy material (Sollins and Radulovich, 1988) . The method described here measures only neck radius, but this may be preferred in many situations since neck radius controls water flow. The method described here can be improved. Water breakthrough curves could be generated with an elec-Ironic balance connected to a microcomputer, greatly increasing the sampling frequency between initial and final breakthrough. Assumptions could be revised, such as the decision to set minimum tortuosity at 1.1, or the linear interpolation made between \l/ m of 0 and -5 kPa for the water content at \f/ m = -3 kPa in the cores.
Results obtained so far agree with theory, however, and with the limited results found in the literature, thus validating the method so far. The method is extremely simple to implement and should be applicable to a wide range of situations.
